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We combined a spin-resolved photoemission spectrometer with a high-harmonic generation
(HHG) laser source in order to perform spin-, time- and angle-resolved photoemission spectroscopy
(STARPES) experiments on the transition metal dichalcogenide bulk WTe2, a possible Weyl type-II
semimetal. Measurements at different femtosecond pump-probe delays and comparison with spin-
resolved one-step photoemission calculations provide insight into the spin polarization of electrons
above the Fermi level in the region where Weyl points of WTe2 are expected. We observe a spin
accumulation above the Weyl points region, that is consistent with a spin-selective bottleneck effect
due to the presence of spin polarized cone-like electronic structure. Our results support the feasibil-
ity of STARPES with HHG, which despite being experimentally challenging provides a unique way
to study spin dynamics in photoemission.
WTe2 is a well-studied semimetal belonging to the class
of transition metal dichalcogenides. It has attracted a
lot of interest since it presents a non-saturating linear
anomalous magnetoresistance [1], pressure-induced su-
perconductivity [2] and it is the first proposed topological
type-II Weyl semimetal [3]. The existence of semimetal-
lic materials with symmetry-protected linear crossings
of bands was pioneered by Abrikosov [4], but the re-
cent reinterpretation in terms of topology provides a new
point of view. Weyl points (WPs) are topologically pro-
tected crossings of electron and hole states, which come
in pairs of opposite chirality, and are connected by topo-
logical surface states dubbed as Fermi arcs. WPs host
low-energy excitations that can be described as Weyl
fermions. Since Lorentz invariance is not a requirement
for collective quasiparticles in condensed matter, one can
have inequivalent velocities for the Weyl fermions along
different directions as manifested by strongly tilted cones
at the crossing states, which is what distinguishes type-
II from type-I Weyl semimetals. Similarly to the related
material MoTe2 [5, 6], the expected number of WPs cou-
ples and their precise position in reciprocal space strongly
depends on details of the calculations and on small vari-
ations of the buckled quasi-2D crystal structure, which
makes us rethink the meaning of topological protection.
For WTe2 in particular, its electronic structure is actu-
ally close to a topological transition [7–9] between the
topologically trivial and type-II Weyl semimetal phases
depending on different parameters such as lattice con-
stant, pressure, temperature, or electron doping. Since
WPs occur at the crossing of bulk states their projec-
tion in the surface Brillouin zone is necessarily hidden
in the bulk continuum. Furthermore, the WPs are ex-
pected slightly above the Fermi level EF . Despite these
issues, the topological classification of MoTe2 as type-II
Weyl semimetal has been established [5], even though
the number of WPs is not clear. Instead, for WTe2 the
situation remains particularly controversial, since WPs
are extremely close to each other in reciprocal space and
energy [3]. Fig. 1 (a) shows a simplified schematics of
the projection on the Fermi surface of the occupied part
of the bulk band structure of WTe2, where hole pockets
(hP) and electron pockets (eP) are shown with black con-
tours. The red line indicates a topologically trivial sur-
face state (SS) that becomes a surface resonance when it
overlaps with the eP (dotted line) [7]. The region where
one or two couples of WPs extremely close to each other
are expected above EF is shown by a green rectangle.
For a comment about the spread ambiguity in literature
about the nomenclature of Fermi arcs see Ref. [10].
The electronic structure of WTe2 has been extensively
studied [12–17] by angle-resolved photoemission spec-
troscopy (ARPES), but given its complexity there is no
consensus on its topological classification also from the
experimental point of view, because small variations in
the sample preparation procedure might give different
results. However the discussion is not crucial, since in-
teresting macroscopic transport properties are definitely
present and do not strictly rely on the topological clas-
sification, but rather on the peculiarities of the overall
electronic structure. For example, magnon emission in
spin-polarized transport was explained with the spin tex-
ture of the trivial SS [18], despite being considered as
topological, and similarly an enhanced spin-orbit torque
effect was explained with the overall spin texture of the
Fermi surface [19], while being ascribed to only the Fermi
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2arcs. Indeed, while mathematically a material can only
be either topologically trivial or non-trivial, the phase
transition between the two is smooth and continuous for
the electronic structure observables [7]. That is to say, a
non-zero but very small energy gap at the WPs will not
substantially affect the bulk and surface states shape and
spin texture and the overall electron and spin dynamics
in the cone region.
ARPES studies on WTe2 have also been extended
to the spin and time domains. Spin-resolved ARPES
(SARPES) measurements have confirmed the lifting of
the spin degeneracy of the occupied states due to the
non-centrosymmetric crystal structure [13, 20], and time-
resolved ARPES (T-ARPES) measurements have deter-
mined electron and hole dynamics with comparable time
constant of 1 ps [21]. The studies present different inter-
pretations to explain the anomalous magnetoresistance.
Since both SARPES and T-ARPES are time-
consuming techniques, only few attempts have been made
to combine them [22–27], and recently using a free elec-
tron laser source [28] or high harmonic generation (HHG)
laser sources [29–31], which additionally provide tunabil-
ity of the probing photon energy.
In this paper, we report the first experimental results
on WTe2 with spin-, time- and angle-resolved photoe-
mission spectroscopy, which we shall call STARPES,
obtained with an HHG source. The aim is to explore the
spin dynamics in the energy-momentum region of the
expected WPs. Our results are supported by ab initio
photoemission calculations.
The experiment was performed at Attolab FAB10, a
recently commissioned HHG beamline based on a Ti:Sa
laser system (1.55 eV) at 10 kHz repetition rate [32, 33].
The beam is split in two parts: one is used as a pump
beam, the other one drives a HHG source. A time-
preserving monochromator [34] selects about 250 meV
from the HHG spectrum, obtaining a UV probe beam
with pulse duration of about 30 fs [35].
The bulk single crystal is commercially available (HQ
Graphene) and was cleaved in situ by scotch tape at a
base pressure of 10−10 mbar. The measurements were
performed at room temperature. The photoemission end-
station is composed of a hemispherical analyzer SPECS
PHOIBOS 150 and a FERRUM 3D spin detector [36],
based on very-low energy electron diffraction (VLEED).
The calculations were performed with the spin-
polarized relativistic Korringa-Kohn-Rostoker (SPR-
KKR) package [37, 38], based on one-step photoemission
theory within the spin-density matrix formalism [39].
More details of the beamline, STARPES experiment
and calculations are reported in Ref. [10].
In Fig. 1 a spin-integrated characterization of the time
evolution in WTe2 is presented. In Fig. 1 (b) four con-
stant energy maps (CEMs) measured with hν = 35.65 eV
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FIG. 1. (a) Schematics of the Fermi surface of WTe2, with
a bulk hole pocket (hP) and electron pocket (eP) in black,
and a surface state (SS) in red. The region where WPs are
expected is shown in green. The hemispherical analyzer (HA)
slit direction, the spin quantization axis αˆ in the xy plane
and the angular resolution (blue circle) of spin resolved data
of Fig. 2 are shown. (b) CEMs measured with hν = 35.65 eV
for two energies, EF (left) and 400 meV above (right), in the
situation without pump (top) and 100 fs after a pump pulse
(bottom). (c) Integrated intensity in the angular range shown
by the blue rectangle in (b) and an energy range between EF
and 500 meV above it.
are shown: without pump and 100 fs after a pump pulse,
each for two energies, at EF and 400 meV above it. The
quality of the Fermi surfaces is limited by the energy
resolution of the HHG pulse, but still good compared
to literature [21] and enough to distinguish hP and eP.
Whereas without pump there is obviously no intensity
above EF , with the pump a clear signal from only eP is
visible, confirming the expected shape of the band struc-
ture. The higher intensity at EF in the presence of the
pump can be ascribed to thermal broadening. Fig. 1 (c)
shows the intensity integrated in the angular range shown
by the blue rectangle in (b) and an energy range between
EF and 500 meV above it. The extracted time constant
is of ≈ 1 ps, well compatible with literature [21].
Once the quality of the sample and reproducibil-
ity of its dynamics were confirmed, we performed the
STARPES measurements. The choosen spin quantiza-
tion axis corresponds to a VLEED axis, αˆ = 0.7xˆ+0.7yˆ+
0.14zˆ in the sample geometry, as indicated in the xy plane
in Fig. 1 (a). The angular acceptance of about ±2.5◦ is
indicated by the blue circle in Fig. 1 (a). This choice is
due to the necessity of improving the count rate for the
spin measurements, but still allows to distinguish the sig-
nal from a selected region in the Brillouin zone. The UV
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FIG. 2. (a) I↑ (full) and I↓ (dotted) spin channels for three
time delays. (b) Difference between total intensity after and
before the pump. (c) Spin polarization along αˆ. The calcu-
lated spin polarization with SPR-KKR in similar conditions
as experimental ones is also shown. Highlighted areas are dis-
cussed in the text. (d) SPR-KKR calculations for I↑ and I↓
channels and their sum. The pump photon energy and the
six energy regions considered in Fig. 3 are shown.
is tuned to 35.65 eV (23rd harmonic), which probes a cut
near the Z point along ΓZ [10]. In Fig. 2 (a) the spin
up (I↑) and down (I↓) channels (full and dotted lines re-
spectively) are shown for three different time delays, one
before and two after the pump pulse. The total intensity
(I↑ + I↓) differences between after and before the pump
spectra are shown in Fig. 2 (b), illustrating the depletion
of electrons below EF and the population above it. The
spin polarization along αˆ is calculated as P = 1S
I↑−I↓
I↑+I↓
after constant background subtraction, with a Sherman
function of S = 0.29. Points with error bars larger than
10% are discarded. The resulting curves for the three
time delays are shown in Fig. 2 (c). The overall trend
is a positive spin polarization for the occupied region,
and a non-zero spin polarization for the unoccupied re-
gion with a up-down-up behaviour that crosses zero at
about +150 meV and +550 meV. This trend is well con-
firmed by the spin polarization from SPR-KKR calcula-
tions also shown, performed with similar geometry and
angular resolution as in the experiment. In Fig. 2 (d) the
corresponding I↑ and I↓ and their sum from SPR-KKR
are shown.
𝑘𝑥
𝐸𝐹
𝐸
1.5
1.0
0.5
0.0
-0.5
E
b
 (
e
V
)
0.60.40.20.0
kx (Å
-1
)
1.5
1.0
0.5
0.0
-0.5
E
b
 (
e
V
)
0.60.40.20.0
kx (Å
-1
)
-0.2
-0.1
0.0
0.1
0.2
P
o
la
ri
z
a
ti
o
n
654321
Region
 -2000 fs
 +100 fs
 +1000 fs
 SPR-KKR
(a) (b)
(c)
(d)
𝐸𝐹
1
2
3
4
5
6
𝐼𝑑𝑛
1
2
3
4
5
6
𝐼𝑢𝑝
FIG. 3. (a-b) SPR-KKR bandmap projected on αˆ along ΓX
for I↓ and I↑ channels, respectively. The green circle high-
lights the WPs region. Dotted blue lines indicate the experi-
mental angular resolution (note that ky 6= 0 in the measure-
ment). (c) Measured spin polarization at three time delays
integrated in energy over each of the six regions of Fig. 2 (c).
(d) Cartoon of the accumulation of spin down electrons above
the WPs region.
With the support of the calculations, we can discuss
several features of the measured spin polarization at the
three time delays. We distinguish six regions, and their
spin polarization can be better appreciated by averaging
over the energy scale, as shown in Fig. 3 (c). The regions
are also shown in the calculated band dispersion for I↓
and I↑ in Fig. 3 (a) and (b), respectively. The blue dotted
lines represent the angular integration corresponding to
the blue circle in Fig. 1 (a). In region 5, a gap in the den-
sity of states is found, therefore the measured small spin
polarization is not very relevant. In region 6, on the other
hand, new states become available, and the large peak of
positive spin polarization measured for the two positive
time delays is reproduced by the calculations. Looking
at the occupied part, electrons from region 1 and below
cannot reach region 6 because of the pump photon en-
ergy (1.55 eV), and thus can only be excited into regions
3 and 4. Electrons from region 2, on the other hand,
will have the large density of states of region 6 available.
4This observation helps to explain the differences of the
measurements in region 1 and 2. In region 2 the spin po-
larization does not vary between the three time delays,
while it does in region 1. Thanks to the many states
available and a matching spin polarization direction in
region 6 for electrons from region 2, the amount of spin
polarization here is not expected to vary drastically over
time. Instead, given the limited states available in re-
gion 3 and 4 and their opposite spin polarization, and
because of the favorable depletion of electrons from re-
gion 2, the positively polarized electrons in region 1 are
observed to change over time in a complex way. This
different behaviour for regions 1 and 2 is also observed
in Fig. 2 (b), where the unexpected time evolution in
region 1 can be possibly explained by complex electron
redistribution from other regions of the Brillouin zone.
In regions 3 and 4 above EF , the measurement before
the pump pulse is possible only because of the tail of the
Fermi function and the large broadening of the spectra in
Fig. 2 (a). The spin polarization sign matches the calcu-
lated one [see Fig. 3 (c)]. When the two time delays after
the pump are considered, first a suppression and then a
recover of the spin polarization is observed, both for the
positive amount in region 3 and the negative in region 4
(blue and red areas in Fig. 2 (c), respectively). The effect
is clear in Fig. 3 (c). According to the SPR-KKR calcu-
lations, region 3 is where hP and eP are connected by
SS and possibly by the WPs only for I↓ [green circles in
Fig. 3 (a) and (b)], and region 4 corresponds to the above
bulk states. While after the short +100 fs time delay
the spin polarization is suppressed, at a larger +1000 fs
an accumulation of spin down is observed in region 4.
This can also be seen in the broad and homogeneous
spin polarization peak at +1000 fs when compared to
the other two time delays, as highlighted by the red area
in Fig. 2 (c). The accumulation of spin above the energy
where spin-polarized WPs are expected is an indication
for the presence of Weyl (or slightly gapped Weyl-like)
cones. A WP is expected to act as a bottleneck which
selectively decelerates the evacuation of a spin channel,
in a similar way as the (spin-independent) slower evacua-
tion above the (spin-degenerate) Dirac point of graphene
[40]. A cartoon of the accumulation of down electrons in
region 4 is shown in Fig. 3 (d). The picture does not con-
sider whether there are zero, two or four couples of WPs,
but that an overall cone-like and spin polarized electronic
structure is present.
In order to have a better insight in the spin texture,
in Fig. 4 a comparison is shown between spin-resolved
ground state Bloch spectral function (a) and SPR-KKR
photoemission calculation (b), for a CEM at 55 meV
above EF . The spin quantization axis is αˆ and the kz
position is the one probed by hν = 35.65 eV, which
is far from Γ where WPs should occur [3]. While the
spin polarization in the WPs region for the ground
state changes sign many times, its complexity is washed
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FIG. 4. (a) Spin-resolved initial state Bloch spectral function
at the kz point probed by hν = 35.65 eV [10] and (b) corre-
sponding SPR-KKR photoemission calculation, for a CEM at
55 meV above EF . The spin quantization axis is αˆ.
out when photoemission is performed. Furthermore,
only small quantitative differences are found when
comparing with the Z or Γ points, as reported in
Ref. [10]. Therefore, it is clear that in a photoemission
experiment on WTe2 it is not relevant to consider the
precise topological classification, but rather to study the
overall peculiar spin dynamics.
In this paper, we presented the first experimental
STARPES study with an HHG source performed on
WTe2. STARPES measurements are certainly demand-
ing and time-consuming, but thanks to increasingly bet-
ter control of HHG sources they can become a viable
complementary alternative to synchrotron-based studies
for different purposes [10]. A parallel theoretical effort
to explore not only charge but also spin dynamics in
out-of-equilibrium scenarios is required [27]. Indeed, a
clear limitation of our work is that supporting calcula-
tions are performed at equilibrium. However, their re-
markable agreement with the experimental overall trend
proves that in our conditions the spin polarization qual-
itative properties are not heavily affected when out-of-
equilibrium.
Our STARPES results on WTe2 show a non-zero
spin polarization above EF , crossing zero at 150 meV
and 550 meV above it. Given the instability of the
topological classification and number of WPs upon small
variations of structural parameters [7], and eventually
their extreme vicinity [3], we find not useful to try to
unambiguously label WTe2 other than being near to a
topological phase transition. Instead, we studied the
collective behaviour of spin polarization upon excitation,
and we observed a quick suppression at 100 fs after
pump and subsequent accumulation of electron spins
at 1000 fs in the region above the expected WPs. This
suggests a spin-selective bottleneck effect, which is in
line with the expected electronic structure above EF .
Whether the spin polarized cone-like structure is gapless
5and thus is hosting topological low energy excitations
dubbed as Weyl fermions, or the structure is just a
gapped precondition for it and the electron excitation
is trivial, it is irrelevant for the overall spin dynamics.
Instead, it is the peculiar spin-polarized, cone-like
electronic structure of WTe2 that is useful to explain its
anomalous transport properties.
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